Contemporary theory predicts that the degree of mimetic similarity of mimics towards their model should increase as the mimic/model ratio increases. Thus, when the mimic/model ratio is high, then the mimic has to resemble the model very closely to still gain protection from the signal receiver. To date, empirical evidence of this effect is limited to a single example where mimicry occurs between species. Here, for the first time, we test whether mimetic fidelity varies with mimic/model ratios in an intraspecific mimicry system, in which signal receivers are the same species as the mimics and models. To this end, we studied a polymorphic damselfly with a single male phenotype and two female morphs, in which one morph resembles the male phenotype while the other does not. Phenotypic similarity of males to both female morphs was quantified using morphometric data for multiple populations with varying mimic/model ratios repeated over a 3 year period. Our results demonstrate that male-like females were overall closer in size to males than the other female morph. Furthermore, the extent of morphological similarity between male-like females and males, measured as Mahalanobis distances, was frequency-dependent in the direction predicted. Hence, this study provides direct quantitative support for the prediction that the mimetic similarity of mimics to their models increases as the mimic/model ratio increases. We suggest that the phenomenon may be widespread in a range of mimicry systems.
INTRODUCTION
Mimicry occurs in a wide variety of contexts and has evolved on multiple occasions to allow the signaller to achieve protection from predation or to gain access to prey, hosts, nuptial gifts, mates, pollinators or even parental care [1] . Traditionally, it has been argued that selection always favours mimetic individuals that more closely resemble their model. However, variation in the degree of resemblance is common in nature, with the maintenance of imperfect mimicry now thought to arise through a variety of evolutionary mechanisms, including selective trade-offs (e.g. [2, 3] ) and mutation -selection balance [4] (see [5] for review). Signal detection theory predicts that once the mimic achieves a certain degree of resemblance to its model, sufficient to reduce the motivation of the signal receiver to respond, then further selection to improve similarity may not be present [4] . This critical degree of resemblance required to afford protection may well depend on a variety of factors, including the local specific mimic/model ratio. For example in the case of Batesian mimicry, when unpalatable models are common relative to their palatable mimics, there will be little motivation for the predator to attack potential prey that even vaguely resemble the model [1, 6] .
Geographical variation in mimic/model ratios can sometimes be pronounced, providing an excellent opportunity to investigate related variation in phenotypic resemblance [7, 8] . Studying a snake mimicry complex, Harper & Pfennig [7] were the first to show that mimetic fidelity increases with the site-specific mimic/model ratio. As noted above, however, in addition to avoiding predation, there are other contexts in which mimicry can evolve, including forms of intraspecific mimicry that have been generated by sexual selection. Perhaps the best-known examples of intraspecific mimicry arise as a component of male polymorphisms, with territorial and female-like males (sneakers), presenting two different sexual strategies [9] . Intraspecific mimicry also occurs in the form of female phenotypes resembling conspecific males (e.g. in butterflies [10] , spiders [11] and especially in damselflies [12] ). The question then arises as to whether the extent of mimetic fidelity also increases with the population-specific mimic/model ratio, as observed for Batesian mimicry.
The presence of multiple female morphs is generally explained in the context of sexual conflict theory, in which distinct phenotypes coexist as counteradaptations to avoid costly male sexual harassment (e.g. [12] [13] [14] ). When female polymorphism arises in damselflies, typically one of the female morphs (andromorph) resembles the male in respect of body coloration, whereas the other does not (gynomorph) [15] . Besides body coloration, andromorphs are also similar to males in melanin patterning [8] , exhibit male-like behavioural traits [16, 17] and show comparable body size and body shape [18] [19] [20] . Moreover, previous research suggests that males rely on a combination of phenotypic traits to recognize potential mates both in polymorphic damselflies [21] and in other insects in general [22] . The striking resemblance in multiple traits of andromorphs to conspecific males has therefore prompted repeated proposals that andromorphs may be functional male-mimics [23] (or at least 'distracters' [24] ). Empirical evidence confirms that andromorphs benefit from resembling males by receiving fewer mating attempts by males, at least when they are rare [25] [26] [27] [28] . Indeed, morph-specific harassment levels and associated fitness costs in terms of reduced fecundity have been shown to vary in a negative frequency-dependent manner [29, 30] .
Wide among-population variation in the relative frequency of mimics (andromorphs) to models (males) has been observed in several female polymorphic damselfly species [31 -33] . In populations where the mimic/model ratio is higher, an increased male harassment rate towards andromorphs has been demonstrated [28] . Furthermore, previous research already indicated geographical variation in both male-like melanin patterning [8] and male-like behavioural strategies [34] of andromorphs. However, it is currently unclear how much, if any, of the phenotypic variation arises as a consequence of differential selection on the degree of mimicry, as predicted by general signal detection theory (e.g. [4] ).
In the current study, we studied phenotypic variation in mimetic similarity in the polymorphic damselfly Nehalennia irene, a species with known high geographical variation in proportion of andromorph females [33, 35] . We specifically selected six populations with contrasting mimic/model ratios and conducted morphometric analyses of males and female morphs repeated over a 3 year study period. Our aims were twofold: (i) to investigate whether andromorphs resemble males morphologically and whether this pattern varies across populations (cf. [19] ); and (ii) to examine the relationship between the phenotypic similarity of mimics (andromorphs) to models (males) and the among-population variation in the mimic/model ratio (cf. [7, 8] ). Our prediction was that mimic-model similarity would be highest in populations with a high mimic/model ratio, because signal receivers (males) should use a correspondingly higher threshold when deciding to attack the male-like object [4] . The intraspecific mimicry system in damselflies is well suited for this purpose because it simultaneously allows us to evaluate phenotypic similarity between the model and the non-mimetic morph (gynomorph) as a form of control.
MATERIAL AND METHODS
(a) Study species The sedge sprite, N. irene, is a small damselfly (Zygoptera; Odonata) that inhabits marshy or boggy waters and is common throughout most of Canada and the northern parts of the United States [36] . The reproductive season starts in early June and lasts until mid-August, with population numbers peaking from mid-June to mid-July. Nehalennia irene exhibits a clear polymorphism restricted to the female sex, with morphs being easily classified into andromorphs and gynomorphs based on their body coloration [37] (electronic supplementary material, appendix S1). Adult andromorph females resemble the conspecific male's blue body coloration and pattern by having a triangular patch of pale blue on the anteriodorsal part of segment eight and large paired dark spots on the dorsum of segment nine [8] . Gynomorph females, in contrast, are more yellowish in body coloration and lack the triangular patch and paired spots (for a more detailed description, see [37] ; for colour drawings, see [38] ). Although the genetic basis of the polymorphism has yet to be evaluated in N. irene, laboratory crossing experiments in several related coenagrionid damselfly species are consistent with the polymorphism being determined at a single autosomal locus with female-limited expression (reviewed in [31] ).
(b) Study sites and sampling procedures Past research with N. irene documented considerable spatial variation in proportion of andromorph females [33, 35] . Based on these previous findings, six populations were selected that differed largely in relative abundance of andromorphs to study variation in mimetic similarity (table 1) . Previous experimental work in these populations has shown that male harassment rates (i.e. male-mating attempts) towards andromorphs increase with the mimic/model ratio [28] .
To account for possible seasonal variation in body size [39] , each of the selected populations was sampled during the reproductive season for 3 subsequent years from 2007 to 2009. Before collecting individuals, site-specific abundance of andromorphs was determined in a standardized manner as described by Van Gossum et al. [35] . This method is based on counts of adult individuals captured with an insect net while walking slowly in a standardized manner through the reproductive area, sweeping 'figures of eight'. Numbers of adult males and females of N. irene were recorded and marked prior to their release to exclude multiple counts. In doing so, andromorph frequency (proportion of andromorph females) and the mimic/model ratio (andromorph/male ratio) can be calculated for each site and year (table 1) . Both frequency estimates are strongly correlated (Spearman correlation: r ¼ 0.92; n ¼ 18; p , 0.0001). Analyses using andromorph frequency gave similar results as analyses using the mimic/model ratio, such that we only report the latter in what follows. For morphological measurements, we aimed to collect 25 individuals of each adult type (male, andromorph, gynomorph) in each population for each year. All individuals were stored for further measurements in 95 per cent ethanol immediately after capture. A total of 1296 individuals were measured, comprising 422 males, 438 andromorphs and 436 gynomorphs. (c) Measurements of mimic-model similarity Six morphological characteristics were measured, namely individual mass, wing surface and four length measures (see below), which together provide general information on body size and shape of individuals. We chose not to evaluate colour characteristics because specimens can lose their colours after death even when preserved. Therefore, these sets of traits were not considered reliable in a multi-annual, multi-site study of this kind. Before determining mass, individuals were placed on a sheet of absorbent paper for exactly 2 min to allow standardized evaporation and absorption of most of the ethanol. Individuals were then weighed on a Kern & Sohn GmbH 870 balance (accuracy 0.1 mg). A digital picture was taken (Nikon D70; Tamron macro lens, 90 mm, 1 : 2.8) of each specimen while it was laterally positioned. Using IMAGEJ 1.38x [40] , measurements were made of the right hind wing and the abdomen. Wing length was determined from the second antenodal cross vein to the stigma and wing surface was defined based on a polygon using five landmarks where main veins meet the wing margin (electronic supplementary material, appendix S2). Furthermore, total abdomen length (from the first abdominal segment to the tip of the abdomen), length and width of the fourth abdominal segment (S4) were measured. The rationale for measuring these traits is the overall high values of additive genetic variance based on parent-offspring regressions found in a common laboratory environment in the closely related damselfly species Ischnura elegans [41] . Based on our measurements, it was possible to calculate several morphological parameters, including overall body size and shape (principal component analysis, PCA; see below), volume of S4 (1/2 Â width S4 Â p Â length S4) and two estimates of manoeuvrability: aspect ratio (wing length 2 /wing surface) and wing load (individual mass/(4 Â wing surface)).
To evaluate how reliable our measurements were, repeatability was calculated to determine the variation in the data caused by measurement errors in the same standard conditions. A set of randomly chosen individuals within each population and year (total n ¼ 121 -150) were weighed or measured twice. Between repeated measures, individuals were replaced in the tube with ethanol followed by identical weight and measure procedures. Repeatability was then calculated as the proportion of the variation between individuals to the total variation (i.e. between and within individuals [42] ). All our measurements were highly repeatable (!0.89), indicating limited measurement error.
(d) Statistical analyses First, we examined whether andromorphs are more similar to males compared with gynomorphs and whether these patterns of similarity vary across populations. Detecting geographical variation in similarity is necessary to be able to use populations as replicates when testing our second prediction (see below). To obtain a measure of the most important variation in our dataset, we performed a PCA with six of the morphological parameters (mass, abdomen length, width and length of S4, wing length and surface). Only the first two principal components were used, since together they explained more than 85 per cent of the variation in our dataset (PC1: 60.9%; PC2: 27.1%). All factor loadings had positive and large values in PC1 (electronic supplementary material, appendix S3) and can thus be interpreted as an overall estimate of body size. PC2, however, indicated variation in abdomen shape, since factor loadings were large and positive for the length of the abdomen and S4, and also large but negative for the width of S4 (electronic supplementary material, appendix S3). More specifically, the shape of the abdomen ranged from long and narrow (high PC2) to short and wide (low PC2). Next, a two-way ANOVA was performed to test for differences between types (males, andromorphs and gynomorphs) and sites. Several analyses were carried out with PC1, PC2, volume of S4, aspect ratio or wing load as dependent variables, while adding type, site and their interactions as explanatory variables (all fixed categorical variables). Since annual variation in the mimic/ model ratio was limited relative to the variation across sites [33] , we treated year as a random variable to control for multiple sampling. All post hoc paired comparisons between type means per site were Bonferroni-corrected.
Our second aim was to relate phenotypic similarity between andromorphs and males to the among-population variation in the mimic/model ratio. As a control, the similarity between gynomorphs and males in relation to the mimic/model ratio is also evaluated. We used a single similarity index that combines values of all measured traits. This similarity index is characterized by Mahalanobis distances (MDs) between defined groups, such as type and site in every year, and takes into account the variance and covariance among the measures. In all analyses, we controlled for sample size in each site and year, and added a repeated-site statement because every site is sampled for 3 years. The appropriate covariance structure was determined for each regression model based on BIC values and turned out to be the autoregressive one in all cases. In addition to the MD as a proxy for integrated morphology, we performed similar analyses with individual phenotypic aspects as dependent variables, such as the mean differences in aspect ratio, wing load, PC1 (size) and PC2 (shape) between males and both female morphs. All analyses were carried out in SAS 9.1.3 (SAS Institute Inc.), except calculating MDs, which was done in R 2.8.0 (R Development Core Team).
RESULTS (a) Variation in morphology
All of the studied phenotypic traits showed significant differences between andromorphs, gynomorphs and males, but the patterns differed across study sites as illustrated by the significant site Â type interactions (summarized in table 2). Finding geographical variation in similarity between andromorphs and males (based on post hoc test for the site Â type interaction) was required for using these populations as replicates when evaluating mimic-model similarity against the mimic/model ratio (see below). Specifically, males were consistently smaller (PC1; figure 1a ) and had a narrower abdomen (PC2; figure 1b), lower abdomen volume, lower aspect ratio and lower wing load (electronic supplementary material, appendix S4) than both female morphs in all study sites. Furthermore, significant differences in several of these traits were detected between andromorphs and gynomorphs, but only at some of the study sites. In such cases, values for andromorphs were repeatedly more similar to males than the ones for gynomorphs. Indeed, post hoc tests revealed that andromorphs were significantly smaller than gynomorphs in three out of six populations, and a tendency for this pattern was observed in two other populations ( figure 1a) . Likewise, the volume of S4 was significantly smaller in andromorphs compared with gynomorphs in four out of six populations (electronic supplementary material, appendix S4a). Also, wing load was higher in gynomorphs than in andromorphs in one population (electronic supplementary material, appendix S4c). By contrast, no differences were found in abdominal shape (PC2) between female morphs (all p . 0.1; figure 1d) . Also, for aspect ratio, no clear pattern was observed, since wings of andromorphs and gynomorphs differed significantly in two populations, but results were in opposite directions (table 2; electronic supplementary material, appendix S4b). Overall, andromorphs had a smaller body size (PC1) and smaller abdomen volume than gynomorphs (post hoc tests for the main effect type: t 1170 ¼ 25.10, p , 0.0001 for body size; t 1272 ¼ 24.73, p , 0.0001 for abdomen volume). In contrast, for aspect ratio, wing load and body shape (PC2), overall differences between female morphs were not significant (all p . 0.3).
(b) Mimic -model similarity versus mimic/model ratio Combining all measured traits into one similarity index (i.e. MDs) allowed evaluating variation in phenotypic similarity against variation in the mimic/model ratio. Specifically, the similarity between andromorphs (mimics) and males (models) increased (decreasing values of MD) with increasing ratio of andromorphs relative to males (F 1,9 ¼ 8.53, p ¼ 0.017; figure 2a) . As a control, MDs were calculated between gynomorphs and males, but showed no relationship with the mimic/ model ratio (F 1,7 ¼ 2.82, p ¼ 0.13; figure 2b) . Furthermore, none of the individual morphological aspects showed a significant relationship with the mimic/model ratio (all p . 0.1), although all estimated slopes were in the predicted direction. This indicates that our index for similarity is not driven by one specific morphological trait, but that all traits combined function as an integrated phenotype. Similar tendencies were found when relating abdominal melanin pattern, as a single trait, with site-specific andromorph frequency [8] .
DISCUSSION
Frequency-dependent selection has been recognized as one of the most common explanations for the maintenance of genetic polymorphisms [43, 44] . This frequency dependence may not only affect morph-specific fitness [29, 30] but also the phenotype [4] . Indeed, in the present study, we demonstrated that phenotypic similarity of mimetic female morphs (andromorphs) to the model (males) increases with the mimic/model ratio in a damselfly showing intraspecific mimicry. This fundamental prediction, based primarily on signal detection theory, had previously only once been tested (and supported), by analyses of phenotypic variation in a snake mimicry Road (AR), Summit Lake (SL). An asterisk indicates significant Bonferroni-corrected differences between andromorphs and gynomorphs in pairwise post hoc comparisons for the site Â type interaction. Differences between males and both female morphs were always highly significant and are therefore not illustrated. Black circles, andromorph; white circles, gynomorph; grey circles, male. complex [7] . Thus, our results indicate that the phenomenon applies not just to examples of classical Batesian mimicry, but also to cases in which mimicry has been suggested to have evolved through sexual selection.
The logic relating to changes in the mimic phenotype is as follows: when the ratio of andromorphs (mimics) to males (models) is high, then only andromorphs that closely resemble the male should receive any protection against harassing males. In contrast, selection for mimicry is different when the mimic/model ratio is low, because the majority of male-like individuals are indeed males [23] , so matesearching males may do best by avoiding any individual that even vaguely resembles a male. As such, in geographical areas where males are more common, andromorphs with a relatively poor resemblance may also be protected from male harassment and hence are not selected to invest in a full arsenal of male-like traits (see also [4, 7] ).
So far, we have argued that mimics should evolve towards the model's phenotype. However, one may also consider selection favouring a model's phenotype to diverge from its mimics, resulting in an evolutionary chase to reduce encounters with the signal receivers [45, 46] . Specifically, males may be expected to evolve a distinct phenotype to minimize unprofitable male -male sexual interactions [47] . Our results illustrate that mimetic similarity of andromorphs increased with the mimic/model ratio. However, the similarity relationship of gynomorphs to males was absent, or showed a slight reverse tendency. Thus, although this pattern indicates the presence of selection for mimicry in andromorphs, it is not possible to fully exclude selection on male divergence. In other words, even though selection on mimics for phenotypic convergence may be stronger than on males for phenotypic divergence, an evolutionary chase between mimics and models cannot completely be ruled out based on our current results [5] .
Another interesting finding of this study is that andromorphs are overall smaller than gynomorphs and, owing to allometric relationships, also have a smaller volume of the abdomen. This pattern corresponds with that for I. elegans, a species in which fecundity of andromorphs is overall lower but also dependent on the levels of male harassment [19, 26] . Thus, the frequency-dependent advantage of reduced male harassment through mimicry may in part be counterbalanced by a reduced fecundity, a question that is currently being studied in detail for N. irene (A. Iserbyt 2007 , unpublished results). Together, a complex interplay of morph-specific costs and benefits may enable multiple female morphs to coexist in natural populations [12, 14, 26] .
CONCLUSION
We have presented empirical evidence that mimetic fidelity increases with the mimic/model ratio in an intraspecific mimicry system. Thus, our findings are in line with predictions of signal detection theory, thereby suggesting its applicability to a wide variety of mimicry systems. An interesting direction for future research would be to investigate whether body coloration, behavioural and/or morphological aspects act together as an integrated set of male-like traits to increase mimetic similarity. Indeed, so far no studies have been conducted that use a combination of morphometric, behavioural and spectrophotometric data when studying variation in phenotypic similarity for an intra-or interspecific mimicry system. 
